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Abstract: We obtained chirped gratings by performing hot water gradient thermal annealing 
of uniform poly (methylmethacrylate) (PMMA) microstructured polymer optical fiber Bragg 
gratings (POFBGs). The proposed method’s simplicity is one of its main advantages because 
no special phase mask or additional etching are needed. It not only enables easy control 
tuning of the central wavelength and chirp characteristics, but it also leads to obtain flexible 
grating response, compared with tapered chirped POFBGs. Therefore, a flexible and low-cost 
chirped POFBG devices fabrication technique has been presented by using a single uniform 
phase mask. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
1. Introduction 
Polymer optical fibers (POFs) bring new opportunities for fiber Bragg grating (FBG) devices 
due to a lower Young’s modulus and a larger range of applying strain [1]. Furthermore, POFs 
are ideal candidates for bio-sensing applications [2–5] due to their flexibility in bending, 
biocompatibility and non-brittle nature. Since the first polymer optical fiber Bragg grating 
(POFBG) was reported in 1999 [6], different polymer materials are used for FBG fabrication 
with specific purposes, such as low attenuation CYTOP [7], high temperature resistance and 
humidity insensitive Zeonex [8], polycarbonate [9], TOPAS [10], and mixtures thereof [11]. 
However, poly (methyl methacrylate) (PMMA) is the most common material for Bragg 
grating devices [1,6]. 
POFBGs are usually obtained using the phase mask technology, which is a simple and 
reliable method. However, the phase mask can only inscribe gratings with a given period, i.e., 
with a specific Bragg wavelength, whereas a Bragg grating centered at a different wavelength 
requires a new phase mask with another pitch value or using additional techniques, such as 
post-annealing [12], shown to provide a 230 nm tuning range [13], or straining the POF 
during FBG writing, shown to provide a 12 nm tuning range [14]. At the same time, non-
uniform devices, such as chirped FBGs (CFBG) are attractive for other applications, such as 
dispersion compensation [15] and biomedical sensing [16], where POF materials show huge 
advantages compared with silica fibers, such as a lower Young’s modulus, higher 
sensitivities, and biocompatibility and biodegradability [17]. In 2005, CFBGs in POF were 
proposed for the first time by Liu et al [18] based on taper technology. Recently, the first 
CFBG in POF was fabricated by using chirped phase mask technology [19], whereas tunable 
POF CFBGs have been obtained using taper technology [20] for a variety of applications, 
such as bio-medical thermal detection [21] or variable delay lines [22]. The use of a chirped 
phase mask is expensive and not flexible, whereas taper technology needs accurate tapering 
process and chirp characteristic changes with strain. 
                                                                                                Vol. 26, No. 26 | 24 Dec 2018 | OPTICS EXPRESS 34655 
#349629 https://doi.org/10.1364/OE.26.034655 
Journal © 2018 Received 31 Oct 2018; revised 11 Dec 2018; accepted 11 Dec 2018; published 20 Dec 2018 
Recently, 
annealing on 
water acts as 
et al [23] inv
solutions at ro
several hours






















































ng can be fou
ate a 10 mm lo
 power spectru
. 1. Reflected spec
thermal ann
loyed for ther
n a container (
used to contro
ard CEM DT




 of PMMA b
 PMMA and l
effect of PMM
re, and a clear 
ed conditions 













sing a 248 nm
tion pulses. Th
 was fabricat
 fiber, it was 
n setup, POF
nd in [28,29]. 
ng FBG at 85
m after irradi
tral power of a 10
ealing 
mal annealing














ys hot water 
 demonstrated
 the stress and









e fiber was a
ed in DTU F
annealed with
 cleaving and 
A uniform ph
0 nm wavelen
ation with a sin
 mm long uniform
pulse. 
 is shown in F
adius 6.5 cm) 
ure of the wat
ent meter. T
, which contro
l power of th
 and an opt
 the relativity 




ue to fast ev
methodology 
er with 1% o
without a hig
 [25] that ann
 force sensitiv
 explained as 
d above the β
velength shift 
FBGs by app










gle pulse (15 




























ater [25] for 
etween POF a
 567.8 nm pe
ure 1 shows a
ns of duration
 
y a single 15 ns 
 a uniform PO
ter (~1.4 cm h
 monitored by
e was immers































ed in the 
t plate of 
 a super 
Q6373B) 
























 using a silic
perature of th
hed to the tem




) shows the B
g part in ~12 
ength of the gr
er 90 mins im
ior than repor
5 °C and 60 
 according to 





ift is due to th
]. Stajanca et 





t plate). In ord
 the grating mu
 setup for annealin
ragg wavelen

















e in the contai
er to get unifo
st be kept par




out 14 nm wh
pared to the 
i et al [25] wh
, we observed
tings response
o plotted in F
idth increased
ctrum bandwid






t depths of th
, the water he
ner showed a 
rm thermal an
allel to the hot
mperature vs hot 
g the annealin
om Fig. 3(a), 
en the grating 
response befo
ere a uniform
 that the wave
 under humidi
ig. 3(a). Just 
 during the f
th remained s
his process, b
g, as was che





ating by a hot p
decrease of 0.2
nealing of the
 plate, as show
 









irst ~4 mins, t
table during a
oth the wavele






3 ± 0.02 
 POFBG 
n in Fig. 
 
h 52.5 ± 
 that the 








































eight in the co
.17 ± 0.02 °C/
rature at the b
he top (see Fi
, similarly to
t the bottom o
ped gratings p
 define the Br
 first minima 
mance is obta






 use the benef
om. Figure 4
t was used to
 hot water at a
 steeper angle
ntainer is 0.23
mm when the 
ottom of the c
g. 2(b)). Figur





ined as Fig. 5(
han twice the 
s, although th
g with time. 
. Experimental se
 annealing: (a) 
its of gradient
shows the exp
 fix the POF t
n angle of 45°
s. As shown 
 ± 0.02 °C/mm
fiber was orien
ontainer was 5
e 5 plots the c
showing larg
, as shown in 
and in the foll
th as the cente
oints in Fig. 3
b) shows that 
bandwidth obt
e central wa




o the bottom 
, chosen to av
in Fig. 2(b), 
, so the temp
ted at 45° ang
5.2 ± 1 °C w
entral wavele
er wavelengt
















hereas 51.5 ± 
ngth shift with
h shift due t












er so the 
 the fiber 
perature 
along the 
1 °C was 






 0.3 nm 
g in Fig. 
ease, the 



































 proposed a ne
 depicted in F
he water, whe
ide the water. 
er would be l
al annealing w




m in ~40 s an



















ig. 6. In this





 Figures 7(a) a
respectively, 
in Fig. 5(a). In
d 5.5 nm in ~
, respectively
ught out from
















 case, only a







 Fig. 7(b) and 
150 s, which l
, in a 1cm lo
 hot water, al
s shown in F
st after bringin
ifts 1.5 ± 0.3
 polymer FB
 roughly sim








 due to the lim
ce along the 
ient thermal a
 4 mm sectio
the total POFB
e was 22 °C, t
 55 ± 1 °C, a
 to the fully i
rent gratings 
 the spectra ob
andwidth inc
Fig. 7(d) we c
ead to group d
ng grating. On
though the ba
ig. 7(a). It can
g it out from h




 was brought o
 the chirped 
e fiber, and th
ired. Further w






n of the POF
G length was
he area close t
nd therefore, 
mmersed grati








ot water, and 
he blue wavel
ter annealing 
(e) and 7(f) 
e of 510 s w









r. In the 
based on 
BG was 
 10 mm) 
o the hot 
a higher 
ng in hot 
3) under 




 chirp is 
e grating 



















. POFBG under st
ling time of 40 s),
ling time of 155 s
ating is brought o
f 510 s). 
roved experimen
rong gradient ann
 (b) Bandwidth vs
), (d) Bandwidth v
ut after 510 s ann
tal setup for gradi
ealing: Grating #1
 time; Grating #2
s time; Grating #3
ealing time, (d) B
ent thermal annea
: (a) Reflected spe
: (c) Reflected spe













                                                                                                Vol. 26, No. 26 | 24 Dec 2018 | OPTICS EXPRESS 34660 
4. Characte
In this section





27 °C to 52°
about 3.2 nm
nm/°C, a bit 
due to the dif
temperature, 













in Fig. 9(a). 
compared wit
applied 1.44%
to the results o
rization of P
, we report the
mperature, str
rating on a P
ontrol by an el
temperature 
 measured eve
C in steps of 






of peaks at b
urements of t
. (a) Central wav
a (nulls)) vs time 
 characterize 




























laced on the X
 a distance of 




BG [20]. A w
 indicates a lin
nnealed PMM
BG 













h edges and, 
ndwidth and 
 center of the wa
 is changed. (b) R
sitivity of the 
-Y-Z translati
11.3 cm. The 
room tempera
 was changed 























on stage and f
fiber was strai
ture. The ev
from 0 to 1.44
 the resonanc
n, which is a
ft of 11.6 nm
itivity of 8.05 







 the blue wav
round −0.106
7 ± 0.007 nm
 grating increa
as shown in F
ture [20]. Alth













± 0.05 nm/%, 
tral region [25
 Fig. 7(a) 
sured by 
lows the 





















d for the 
similarly 
]. 






step of 20% R
10(a) and the 






















. (a) Central wav
d POFBG. (b) Re
he chirped P
40) at a cons
umidity chara
H with a stab
optical spectra
he sensitivity 
 shown in Fig
PMMA mPOF
0. (a). Central wa












e use of liqu
the temperatu
radients will b








 evolution is s
was calculate
. 10, the obtai
BG at 850 nm
velength of the ch
umidity. 
 low cost fab
rmal annealin
se mask or add
f the wavelen












laced in the 
re of 22 °C an
asurements. T
d of 70 mins. T
hown in Fig. 
d to be 0.025 
ned result is s
 spectral regio
irped grating vs t
rication techni
g of uniform 
itional etching
gth and chirp 












d 30% of rel
he RH was in
he cycle can 
10(b). The tota
± 0.005 nm/%









 to CFBG res
easurements 





ng (red) cycle of
chamber (An
ative humidity





ty is changed. (b)
 POFBGs bas
e proposed m
eded, and it en
with a perma












 (RH) to 
90% in a 
 the Fig. 
shift was 














 lead to 
uids and 
dation of 
                                                                                                Vol. 26, No. 26 | 24 Dec 2018 | OPTICS EXPRESS 34662 
Acknowledgements 
This work was supported by Fundação para a Ciência e Tecnologia (FCT)/MEC through 
national funds, when applicable co-funded by FEDER – PT2020 partnership agreement under 
the project UID/EEA/50008/2013 and the Research Excellence Award Programme GVA 
PROMETEO 2017/103 Future Microwave Photonics Technologies and applications, Science 
Foundation of Heilongjiang Province of China (F2018026). C. A. F. Marques also 
acknowledges the financial support from FCT through the fellowship 
SFRH/BPD/109458/2015. 
References 
1. D. J. Webb, Polymer fiber Bragg grating sensors and their applications in Optical Fiber Sensors Advanced 
Techniques and Applications, G. Rajan Ed. Boca Raton, FL, USA: CRC, 257–276 (2015). 
2. J. Bonefacino, H. Y. Tam, T. S. Glen, X. Cheng, C. F. J. Pun, J. Wang, P. H. Lee, M. L. V. Tse, and S. T. Boles, 
“Ultra-fast polymer optical fibre Bragg grating inscription for medical devices,” Light Sci. Appl. 7(3), 17161 
(2018). 
3. X. Cheng, J. Bonefacino, B. O. Guan, and H. Y. Tam, “All-polymer fiber-optic pH sensor,” Opt. Express 26(11), 
14610–14616 (2018). 
4. G. Emiliyanov, J. B. Jensen, O. Bang, P. E. Hoiby, L. H. Pedersen, E. M. Kjaer, and L. Lindvold, “Localized 
biosensing with Topas microstructured polymer optical fiber,” Opt. Lett. 32(5), 460–462 (2007). 
5. H. U. Hassan, J. Janting, S. Aasmul, and O. Bang, “Polymer Optical Fiber Compound Parabolic Concentrator 
fiber tip based glucose sensor: in-Vitro Testing,” IEEE Sens. J. 16(23), 1 (2016). 
6. Z. Xiong, G. D. Peng, B. Wu, and P. L. Chu, “Highly tunable Bragg gratings in single-mode polymer optical 
fibers,” IEEE Photonics Technol. Lett. 11(3), 352–354 (1999). 
7. A. Lacraz, M. Polis, A. Theodosiou, C. Koutsides, and K. Kalli, “Femtosecond laser inscribed Bragg gratings in 
low loss CYTOP polymer optical fiber,” IEEE Photonics Technol. Lett. 27(7), 693–696 (2015). 
8. G. Woyessa, A. Fasano, C. Markos, A. Stefani, H. K. Rasmussen, and O. Bang, “Zeonex microstructured 
polymer optical fiber: fabrication friendly fibers for high temperature and humidity insensitive Bragg grating 
sensing,” Opt. Mater. Express 7(1), 286–295 (2017). 
9. A. Fasano, G. Woyessa, P. Stajanca, C. Markos, A. Stefani, K. Nielsen, H. K. Rasmussen, K. Krebber, and O. 
Bang, “Fabrication and characterization of polycarbonate microstructured polymer optical fibers for high-
temperature-resistant fiber Bragg grating strain sensors,” Opt. Mater. Express 6(2), 649–659 (2016). 
10. C. Markos, A. Stefani, K. Nielsen, H. K. Rasmussen, W. Yuan, and O. Bang, “High-Tg TOPAS microstructured 
polymer optical fiber for fiber Bragg grating strain sensing at 110 degrees,” Opt. Express 21(4), 4758–4765 
(2013). 
11. G. Woyessa, A. Fasano, A. Stefani, C. Markos, K. Nielsen, H. K. Rasmussen, and O. Bang, “Single mode step-
index polymer optical fiber for humidity insensitive high temperature fiber Bragg grating sensors,” Opt. Express 
24(2), 1253–1260 (2016). 
12. I. P. Johnson, D. J. Webb, K. Kalli, M. C. J. Large, and A. Argyros, “Multiplexed FBG sensor recorded in 
multimode microstructured polymer optical fibre,” Proc. SPIE 7714, 77140 (2010). 
13. G. Woyessa, K. Nielsen, A. Stefani, C. Markos, and O. Bang, “Temperature insensitive hysteresis free highly 
sensitive polymer optical fiber Bragg grating humidity sensor,” Opt. Express 24(2), 1206–1213 (2016). 
14. W. Yuan, A. Stefani, and O. Bang, “Tunable polymer Fiber Bragg Grating (FBG) inscription: Fabrication of 
dual-FBG temperature compensated polymer optical fiber strain sensors,” IEEE Photonics Technol. Lett. 24(5), 
401–403 (2012). 
15. P. I. Reyes, N. Litchinitser, M. Sumetsky, and P. S. Westbrook, “160-Gb/s tunable dispersion slope compensator 
using a chirped fiber Bragg grating and a quadratic heater,” IEEE Photonics Technol. Lett. 17(4), 831–833 
(2005). 
16. D. Tosi, E. G. Macchi, M. Gallati, G. Braschi, A. Cigada, S. Rossi, G. Leen, and E. Lewis, “Fiber-optic chirped 
FBG for distributed thermal monitoring of ex-vivo radiofrequency ablation of liver,” Biomed. Opt. Express 5(6), 
1799–1811 (2014). 
17. D. Shan, C. Zhang, S. Kalaba, N. Mehta, G. B. Kim, Z. Liu, and J. Yang, “Flexible biodegradable citrate-based 
polymeric step-index optical fiber,” Biomaterials 143, 142–148 (2017). 
18. H. Liu, H. Liu, G. Peng, and T. W. Whitbread, “Tunable dispersion using linearly chirped polymer optical fiber 
Bragg gratings with fixed center wavelength,” IEEE Photonics Technol. Lett. 17(2), 411–413 (2005). 
19. C. A. F. Marques, P. Antunes, P. Mergo, D. J. Webb, and P. André, “Chirped Bragg gratings in PMMA step-
index polymer optical fiber,” IEEE Photonics Technol. Lett. 29(6), 500–503 (2017). 
20. R. Min, B. Ortega, and C. Marques, “Fabrication of tunable chirped mPOF Bragg gratings using a uniform phase 
mask,” Opt. Express 26(4), 4411–4420 (2018). 
21. S. Korganbayev, R. Min, M. Jelbuldina, X. Hu, C. Caucheteur, O. Bang, B. Ortega, C. Marques, and D. Tosi, 
“Thermal profile detection through high-sensitivity fiber optic chirped Bragg grating on microstructured PMMA 
fiber,” J. Lightwave Technol. 36(20), 4723–4729 (2018). 
                                                                                                Vol. 26, No. 26 | 24 Dec 2018 | OPTICS EXPRESS 34663 
22. R. Min, S. Korganbayev, C. Molardi, C. Broadway, X. Hu, C. Caucheteur, O. Bang, P. Antunes, D. Tosi, C. 
Marques, and B. Ortega, “Largely tunable dispersion chirped polymer FBG,” Opt. Lett. 43(20), 5106–5109 
(2018). 
23. A. Fasano, G. Woyessa, J. Janting, H. K. Rasmussen, and O. Bang, “Solution-mediated annealing of polymer 
optical fiber Bragg gratings at room temperature,” IEEE Photonics Technol. Lett. 29(8), 687–690 (2017). 
24. A. Pospori, C. A. F. Marques, G. Sagias, H. Lamela-Rivera, and D. J. Webb, “Novel thermal annealing 
methodology for permanent tuning polymer optical fiber Bragg gratings to longer wavelengths,” Opt. Express 
26(2), 1411–1421 (2018). 
25. A. Pospori, C. A. F. Marques, D. Sáez-Rodríguez, K. Nielsen, O. Bang, and D. J. Webb, “Thermal and chemical 
treatment of polymer optical fiber Bragg grating sensors for enhanced mechanical sensitivity,” Opt. Fiber 
Technol. 36, 68–74 (2017). 
26. P. Stajanca, O. Cetinkaya, M. Schukar, P. Mergo, D. J. Webb, and K. Krebber, “Molecular alignment relaxation 
in polymer optical fibers for sensing applications,” Opt. Fiber Technol. 28, 11–17 (2016). 
27. X. Hu, G. Woyessa, D. Kinet, J. Janting, K. Nielsen, O. Bang, and C. Caucheteur, “BDK-doped core 
microstructured PMMA optical fiber for effective Bragg grating photo-inscription,” Opt. Lett. 42(11), 2209–
2212 (2017). 
28. A. Pospori, C. A. F. Marques, O. Bang, D. J. Webb, and P. André, “Polymer optical fiber Bragg grating 
inscription with a single UV laser pulse,” Opt. Express 25(8), 9028–9038 (2017). 
29. D. Sáez-Rodríguez, R. Min, B. Ortega, K. Nielsen, and D. J. Webb, “Passive and Portable Polymer Optical Fiber 
Cleaver,” IEEE Photonics Technol. Lett. 28(24), 2834–2837 (2016). 
30. W. Zhang, D. J. Webb, and G. D. Peng, “Investigation into time response of polymer fiber Bragg grating based 
humidity sensors,” J. Lightwave Technol. 30(8), 1090–1096 (2012). 
31. A. G. Leal-Junior, A. Theodosiou, C. Marques, M. J. Pontes, K. Kalli, and A. Frizera, “Compensation Method 
for Temperature Cross-Sensitivity in Transverse Force Applications With FBG Sensors in POFs,” J. Lightwave 
Technol. 36(17), 3660–3665 (2018). 
32. L. Pereira, A. Pospori, P. Antunes, M. F. Domingues, S. Marques, O. Bang, D. J. Webb, and C. Marques, 
“Phase-Shifted Bragg Grating Inscription in PMMA Microstructured POF Using 248-nm UV Radiation,” J. 
Lightwave Technol. 35(23), 5176–5184 (2017). 
 
                                                                                                Vol. 26, No. 26 | 24 Dec 2018 | OPTICS EXPRESS 34664 
